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E-mail address: tatsutot@gmail.com (T. Takeuchi).The perceived direction of a directionally ambiguous stimulus is inﬂuenced by the moving direction of a
preceding priming stimulus. Previous studies have shown that a brief priming stimulus induces positive
motion priming, in which a subsequent directionally ambiguous stimulus is perceived to move in the
same direction as the primer, while a longer priming stimulus induces negative priming, in which the fol-
lowing ambiguous stimulus is perceived to move in the opposite direction of the primer. The purpose of
this study was to elucidate the underlying mechanism of motion priming by examining how retinal illu-
minance and velocity of the primer inﬂuences the perception of priming. Subjects judged the perceived
direction of 180-deg phase-shifted (thus directionally ambiguous) sine-wave gratings displayed immedi-
ately after the offset of a primer stimulus. We found that perception of motion priming was greatly mod-
ulated by the retinal illuminance and velocity of the primer. Under low retinal illuminance, positive
priming nearly disappeared even when the effective luminance contrast was equated between different
conditions. Positive priming was prominent when the velocity of the primer was low, while only negative
priming was observed when the velocity was high. These results suggest that the positive motion priming
is induced by a higher-order mechanism that tracks prominent features of the visual stimulus, while a
directionally selective motion mechanism induces negative motion priming.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Perception of visual patterns is inﬂuenced by other visual inputs
presented separately both in space and time. Since visual inputs
are continuously provided, how the visual system integrates spa-
tio-temporally separate information is one of fundamental ques-
tions in human vision. It has been reported that visual motion
perception is inﬂuenced by temporally neighboring events. The
perceived direction of a directionally ambiguous stimulus is
greatly inﬂuenced by the moving direction of the preceding stimu-
lus. Previous studies showed that a brief preceding stimulus in-
duces ‘‘motion assimilation’’ or ‘‘positive motion priming’’, in
which a following directionally ambiguous stimulus is perceived
to move in the same direction as the preceding one (Anstis &
Ramachandran, 1987; Campana, Pavan, & Casco, 2008; Jiang,
Pantle, & Mark, 1998; Jiang, Luo, & Parasuraman, 2002; Kanai &
Verstraten, 2005; Pantle, Gallogly, & Piehler, 2000; Pavan, Campan-
a, Guerresch, Manassi, & Casco, 2009; Piehler & Pantle, 2001;
Pinkus & Pantle, 1997; Ramachandran & Anstis, 1983; Raymond,
O’Donnell, & Tipper, 1998).ll rights reserved.
ty, Tama-ku Nishiikuta 1-1-1,Ramachandran and Anstis (1983) reported a phenomenon they
named ‘‘visual inertia’’, in which the perception of a bi-stable long-
range motion display is constrained by a pair of ﬂashed priming
dots (see also Anstis & Ramachandran, 1987). In their stimulus,
four dots form an imaginary diamond in which the top and bottom
dots are replaced by the right and left dots, which causes an
impression of ambiguous motion. When two priming dots are
ﬂashed before the ﬂash of the ﬁrst dots, the perceived direction
of motion is governed by the position of these priming dots. The
perceived path from the ﬁrst dot to the second dot is determined
as if inertia is induced by the priming dots.
Pinkus and Pantle (1997) used a moving sine-wave grating and
showed that visual inertia occurs with a periodic pattern. A succes-
sively presented directionally ambiguous test pattern made of a
180-deg shifted grating is perceived to move in the same direction
as that of the priming grating when the presentation duration of
the second frame of the primer is less than approximately
300 ms. They named this phenomenon ‘‘positive motion priming’’.
Pantle et al. (2000) concluded that a primer of less than 100 ms in-
duces positive motion priming. Kanai and Verstraten (2005)
showed that a primer moving for 80 ms induces stronger positive
priming than one moving for 160 ms. When the presentation dura-
tion of the primer is longer, a so-called ‘‘negative motion priming’’
(Pantle et al., 2000) or ‘‘rapid MAE’’ (Kanai & Verstraten, 2005)
was observed, in which the perceived direction of directionally
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The main purpose of this study was to clarify how retinal illumi-
nance inﬂuences the perception of visual motion priming, espe-
cially that of positive priming. However, as explained below,
since positive and negative motion priming are observed antago-
nistically, speculation regarding the underlying mechanism of
positive motion priming necessarily leads us to the consideration
of negative priming.
Most previous studies of visual motion have been concerned
with vision under photopic conditions, where the average lumi-
nance level is high enough to activate the cone system in the ret-
ina. Since luminance levels vary over a range as wide as 1011 in
our daily lives (Hood & Finkelstein, 1986, chap. 5; Stockman &
Sharpe, 2006), the visual system must also deal with motion infor-
mation under mesopic and scotopic vision, where the rod system is
active. An understanding of the characteristics of visual motion
computation and perception under low retinal illuminance levels
is therefore very important from both scientiﬁc and practical view-
points (Hess, Sharpe, & Nordby, 1990).
Human visual motion perception changes as retinal illuminance
decreases. Velocity perception (Gegenfurtner, Mayser, & Sharpe,
2000; Hammett, Champion, Thompson, & Morland, 2007; Vaziri-
Paskham & Cavanagh, 2008), velocity discrimination thresholds
(Takeuchi & De Valois, 2000), short-range motion perception
(Dawson & Di Lollo, 1990), complex-motion perception (Billino,
Bremmer, & Gegenfurtner, 2008), biological motion perception
(Billino et al., 2008; Grossman & Blake, 1999), perception of static
motion illusions (Hisakata & Murakami, 2008), perception of ISI-
reversal (Sheliga, Chen, FitzGibbon, & Miles, 2006; Takeuchi & De
Valois, 1997, 2009; Takeuchi, De Valois, & Motoyoshi, 2001), per-
ception of two-stroke motion (Mather & Challinor, 2008), the
coherent motion threshold (Billino et al., 2008; Lankheet, van
Doorn, & van de Grind, 2002; van de Grind, Koenderink, & van
Doorn, 2000), and moving texture segregation (Takeuchi,
Yokosawa, & De Valois, 2004) have all been shown to vary with
the retinal illuminance level.
In this study we measured the strength of visual motion prim-
ing under different retinal illuminance levels. Pinkus and Pantle
(1997) proposed a model of positive motion priming. Their model
consists of an Adelson and Bergen (1985) type motion-energy
stage followed by a second, low-pass ﬁlter stage, which extends
the motion-energy signal from the ﬁrst stage in time. By this exten-
sion of an imbalanced motion-energy from the priming stimulus,
the perceived direction of successively presented ambiguous stim-
uli can be restricted to that of the priming moving stimulus (see
Fig. 2 of Pinkus & Pantle, 1997). In this model the amount of the de-
cay of the low-pass ﬁlter is crucial. A longer decay period extends
the effect of the preceding stimulus that induces positive priming.
Though the physiological basis of the proposed ﬁltering operation
at the second-stage is unclear, this model is intuitively appealing
since the assimilation-type effects of other visual attributes, such
as color and space, is also explained by the low-pass characteristics
of the visual system. For example, color assimilation is explained
by low-pass characteristics of color-sensitive channels (e.g., De
Valois & De Valois, 1988). A larger receptive ﬁeld of motion-detect-
ing mechanisms is shown to be responsible for the spatial motion
assimilation induced by surround moving patterns (Murakami &
Shimojo, 1996).
It is well known that the temporal response of the visual system
becomes slower as retinal illuminance decreases (Burr & Morrone,
1993; Hess, 1990; Hess, Waugh, & Nordby, 1996; Kelly, 1971;
Snowden, Hess, & Waugh, 1995; Swanson, Ueno, Smith, & Pokorny,
1987). For example, Swanson et al. (1987), using psychophysical
measures, estimated the shape of the temporal impulse response
function and showed that the peak of the function becomes
increasingly delayed as the average luminance falls. Thus, theoverall temporal characteristic becomes low-pass under low reti-
nal illuminance.
If the assumed second-stage low-pass ﬁltering operation by
Pinkus and Pantle (1997) is responsible for positive motion prim-
ing, the strength of the positive priming effect should increase as
retinal illuminance decreases. Though we do not know whether
the hypothesized second-stage low-pass ﬁlter is governed by reti-
nal illuminance, it is parsimonious to predict that the entire tem-
poral characteristic becomes low-pass under low retinal
illuminance. Even without assuming the second-stage low-pass ﬁl-
tering operation, there are neurophysiological data supporting our
prediction. The effect of lowering retinal illuminance is known to
temporally enlarge the integration area of receptive ﬁelds of neu-
rons at the primary cortex (Peterson, Ohzawa, & Freeman, 2001;
Ramoa, Freeman, & Macy, 1985). If more temporal information is
integrated under low retinal illuminance, this could lead to a pre-
diction similar to that made from the model by Pinkus and Pantle
(1997).
We performed two experiments. In experiment 1, contrary to
our prediction, we found that positive priming is almost disap-
peared under low retinal illuminance. From the second experi-
ment, we found that the perception of motion priming highly
depends on the retinal illuminance and the velocity of the priming
stimulus.2. Experiment 1
In experiment 1, we measured the strength of visual motion
priming under different retinal illuminance levels. It has been re-
ported that positive motion priming is prominent when the pre-
ceding stimulus is as short as 100 ms (Kanai & Verstraten, 2005;
Pantle et al., 2000; Pinkus & Pantle, 1997). Our hypothesis is that
the frequency of perceiving positive motion priming increases with
longer durations of preceding stimulus presentation due to the
low-pass characteristic of temporal vision under low retinal
illuminance.
As described above, Pantle et al. (2000) observed both positive
and negative priming depending on the presentation duration of
the priming moving stimulus. Positive motion priming switched
to negative motion priming when the priming moving stimulus
was presented for around 200–300 ms, where the motion of the
ambiguous test stimulus was perceived in the direction opposite
to that of the priming stimulus. The duration of the priming stim-
ulus that elicits negative motion priming is much shorter than the
case of the motion aftereffect (MAE), where tens of seconds of
adaptation to the preceding stimulus is needed to induce the illu-
sory motion impression on the stationary test stimulus. Kanai and
Verstraten (2005) referred to the negative motion priming induced
by a very short primer as rapid MAE (rMAE). If the perceived fre-
quency of positive motion priming increases under low retinal illu-
minance, the frequency of reports of negative priming should be
reduced since these two effects have been observed in an antago-
nistic manner.2.1. Apparatus
Stimuli were generated on a PC with a VSG 2/5 (Cambridge Re-
search Systems) graphics system and displayed on a 21-in. RGB
monitor (SONY GDM F520). The monitor frame rate was 100 Hz,
with spatial resolution of 1024  768 pixels and 15-bit gray-level
resolution. The monitor output was linearized (gamma corrected)
under software control. For all experiments using luminance-vary-
ing stimuli, the space-averaged chromaticity (CIE 1931) of the dis-
play was x = 0.31, y = 0.33. Subjects observed the display through a
2-mm artiﬁcial pupil, with head position maintained by a chin rest
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at a viewing distance of 57 cm. The mean retinal illuminance was
varied by placing neutral density ﬁlters just distal to the artiﬁcial
pupil. Two retinal illuminances, 48.0 cd/m2 (2.2 log photopic tro-
land (td)) and 0.02 cd/m2 (1.2 log td), were examined. We as-
sumed that this range covers photopic and high scotopic levels
(Hood & Finkelstein, 1986, chap. 5). The room was darkened and
light shielded, with no other source of illumination present. Sub-
jects initially dark-adapted for 25 min prior to the task.
2.2. Subjects
Four subjects (TS, EF, MT, and TT) participated in experiment 1.
One of them was one of the authors (TT); the other three were paid
volunteers. All had normal or corrected-to-normal vision. All sub-
jects gave informed consent before their inclusion in the study.
2.3. Visual stimuli
An achromatic vertical sine-wave grating was displayed in a
6.0(H)  4.0(V) deg rectangular window. The edges of the stimu-
lus were tapered by a Gaussian function with sigma = 1.0 deg.
The pattern was presented on the uniform gray-colored back-
ground (CIE1931 x = 0.31, y = 0.33), whose luminance was the
same as the space-averaged luminance of the sine-wave grating.
To enable comparison with previous studies of motion priming,
we used a stimulus similar to that used in Kanai and Verstraten
(2005) and Pavan et al. (2009). In a single trial, the priming
moving sine-wave grating was presented for a certain duration
and then immediately replaced by the ambiguous test stimulus.
The direction of motion of the priming stimulus was either to
the right or left. Subjects judged the perceived motion direction
of the test stimulus by a two-alternative forced choice (leftward
or rightward). The velocity of the priming stimulus was set to
6.0 deg/s. The presentation duration of the priming stimulus
was varied from 80–2000 ms.
Similar to previous studies (Kanai & Verstraten, 2005; Pantle
et al., 2000), the ambiguous test stimulus was made by shifting
the phase of the grating 180 deg. To equate the velocities of the
priming stimulus and test stimulus, the duration of one frame of
the test stimulus was calculated based on the velocity of the prim-
ing stimulus. It was set to a duration equal to that required by the
priming stimulus to shift 180 deg. A total of four frames were pre-
sented for the test stimulus.
The shortest interstimulus-interval (ISI) between the priming
stimulus and test stimulus was 40 ms in both Kanai and Verstraten
(2005) and Pavan et al. (2009). However, the strength of motion
priming is known to be reduced when there is an ISI between
the priming stimulus and test stimulus (Kanai & Verstraten,
2005). Thus, no ISI was inserted between the priming moving stim-
ulus and test stimulus in order to make the impression of motion
priming stronger.
Since high spatial frequency gratings may be scarcely detectable
under scotopic vision (Hess et al., 1990), the spatial frequency of
the grating was set to 0.5 c/deg, which was lower than that used
in the previous studies. The effect of spatial frequency on motion
priming was reported not to be large in Pinkus and Pantle
(1997). Since the detection threshold of a temporally varying pat-
tern varies depending on the retinal illuminance (Snowden et al.,
1995; Takeuchi & De Valois, 2000), the appearance of the pattern
could be different if the pattern is observed at a ﬁxed contrast. If
the luminance contrast is lower, then the pattern might totally dis-
appear under low retinal illuminance, even though it is clearly seen
under high retinal illuminance. Thus, we equated the effective
luminance contrast under different retinal illuminance conditions
as follows. The Michaelson contrast of the sine-wave gratings wereset to multiples of direction discrimination thresholds measured in
advance. The luminance contrast of both priming and test stimuli
was set to 10 the direction discrimination threshold. The details
of the threshold measurements are described below. The average
Michaelson luminance contrast for the four subjects was 0.097
(SD = 0.012) at high retinal illuminance and 0.83 (SD = 0.075) at
low retinal illuminance.
To avoid the rod-free area in the central retina, the pattern was
presented in the lower temporal retina. The distance between the
ﬁxation point and the nearest corner of the grating was 3 deg. In
preliminary observations, we collected data from both the upper
and lower peripheral retinae. When we equated the effective lumi-
nance contrast by the method described below, we did not ﬁnd any
systematic difference between the data from lower and upper ret-
inae. Therefore, we used only one peripheral region in the main
experiment. A black central ﬁxation cross (1.5 deg  1.5 deg) was
displayed to assist subjects in maintaining ﬁxation while the grat-
ing was presented in the periphery.2.4. Methods
2.4.1. Contrast sensitivity measurements
To equate the appearance of the pattern in terms of multiples of
the threshold contrast for the different retinal illuminance, we
measured the contrast sensitivity for the direction discrimination
of the priming moving sine-wave gratings for each presentation
duration. We used a two-alternative, temporal forced-choice pro-
cedure. In one of two intervals, the motion was leftward; in the
other interval, it was rightward. The subject, by pressing one of
two buttons, indicated which interval contained the leftward mo-
tion. The two intervals were separated by a 1-s blank ﬁeld of the
same space-averaged luminance, and the onset of each interval
was marked by an auditory cue. No feedback was given. The con-
trast of the pattern was varied using a staircase algorithm designed
to converge to a 79% correct level (Levitt, 1971). Contrast was de-
creased after three consecutive correct responses and increased
after one wrong response. The size of the contrast increments or
decrements decreased as the staircase depth increased; it was
0.4 log unit in the beginning and fell to a terminal value of
0.1 log unit. The threshold for a given staircase run was computed
as the mean of the contrasts of the ﬁnal six out of nine turning
points. Data from four staircases were averaged to determine each
threshold. Similar measurements were done for each subject at
each retinal illuminance and for each presentation duration of
the priming stimulus.2.4.2. Direction judgment of ambiguous test stimulus
The priming sine-wave stimulus was displayed 300 ms after a
beep signaling the start of each trial. The test stimulus was pre-
sented after the termination of the priming stimulus without any
ISI. The subject’s task was to indicate the perceived direction of
the test stimulus (leftward or rightward) by pressing the appro-
priate mouse button. After the button press a two-second inter-
trial interval, in which a uniform ﬁeld with space-averaged lumi-
nance was displayed, was inserted to reduce the effect of the
former trial. Each session comprised of 80 trials; four trials for
each of the ten presentation durations of the priming stimulus
(80, 100, 150, 200, 300, 400, 600, 800, 1000, 1200, 1600, and
2000 ms) and for the two directions of the priming stimulus
(rightward or leftward), presented in random order. In each ses-
sion, the retinal illuminance (2.2 or 1.2 log td) was ﬁxed. The
experiments were started from the two sessions of darkest adap-
tation levels, and two sessions of lighter adaption level followed.
Each subject completed eight sessions for each retinal
illuminance.
Fig. 2. Averaged data for the four subjects of experiment 1 (Fig. 1). Error bars
represent ±1 SEM.
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Fig. 1 shows the results of experiment 1 for each subject under
both photopic and scotopic vision. Percent response to ‘‘positive
motion priming’’ is plotted as a function of the presentation dura-
tion of the priming stimulus in milliseconds. Thus, when more than
50% of the responses are ‘‘positive motion priming’’, the subject re-
ported the perceived direction of the test stimulus in the same
direction as that of the priming stimulus in a majority of trials.
Fig. 2 presents the averaged data for the four subjects. A two-
way ANOVA shows that the main effects of retinal illuminance
and primer duration were signiﬁcant (v2(1, 23) = 301.4, p < .001
for the retinal illuminance; v2(11, 23) = 4035.6, p < .001 for the
duration of the primer). An interaction between retinal illuminance
and primer duration was also found (v2(11, 23) = 250.3, p < .001).
We replicated the results reported by Pantle et al. (2000), Kanai
and Verstraten (2005), and Pavan et al. (2009). Priming stimuli
shorter than 300 ms induced positive motion priming under phot-
opic vision (2.2 log td). Positive motion priming was perceived in
nearly 100% of the trials when the presentation duration of the pre-
ceding stimulus was 100–150 ms. Even when the priming stimulus
was presented for only 80 ms, most subjects reported positive mo-
tion priming in a majority of trials. The impression of positive
priming was so strong that some naive subjects reported after
the experiments that they did not notice the transition from the
priming stimulus to the test stimulus when the duration of the
priming stimulus was shorter. When the presentation duration of
the priming stimulus was as long as 300 ms, the positive motion
priming switched to negative priming; therefore the perceived
direction of the test stimulus was opposite to that of the priming
stimulus. When the priming stimulus was longer than about
600 ms, the perception of negative motion priming prevailed.
The question addressed in experiment 1 was whether the per-
cent response of positive motion priming would increase underFig. 1. Results of experiment 1 for the four subjects. Each graph plots percent response o
function of primer stimulus duration in milliseconds. When fewer than 50% of the respon
to be in the direction opposite to the primer (negative priming) in a majority of trials.
1.2 log td). The velocity of the primer was 6.0 deg/s.low retinal illuminance. Contrary to our prediction, we found that
the positive priming was greatly diminished under low retinal illu-
minance, as seen in Figs. 1 and 2. Although all subjects showed
weak tendencies of perceiving positive priming at a primer presen-
tation duration of around 150 ms, the frequency of the reports was
as low as 60% under low retinal illuminance (1.2 log td), much
lower than under photopic vision (2.2 log td), where positive prim-
ing was observed in most trials. Note that the frequency of perceiv-
ing negative motion priming was increased under low retinal
illuminance. For example, when the presentation duration of the
preceding stimulus was 200 ms, subjects reported positive priming
for more than 70% of the trials under photopic vision, while they
reported negative priming for more than 60% of the trials under
low retinal illuminance (Fig. 2).
Thus, we found that the strength of the positive motion priming
was reduced while the negative priming becamemore conspicuous
under low retinal illuminance, where the overall temporal charac-f positive priming (motion of test stimulus in the same direction as the primer) as a
ses are scored as positive priming subjects reported the motion of the test stimulus
Each curve represents the data taken at different retinal illuminance (2.2 log td or
Fig. 4. Averaged data for the four subjects in experiment 2 (Fig. 3). The velocity of
the primer was 2.0 deg/s. Error bars represent ±1 SEM.
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Therefore, an imbalance of motion-energy by the hypothetical
low-pass ﬁltering operation could not have been a decisive factor
for the induction of positive motion priming.
However, before reaching this conclusion, we examined one
possible explanation for the decreased response of positive prim-
ing under low retinal illuminance. It may be that, even though
the effective contrast was equated, the velocity of the priming
stimulus (6.0 deg/s) was not in an appropriate range in experiment
1, since the sensitivity to higher temporal frequencies/velocities is
degraded as the retinal illuminance decreases (e.g., Conner, 1982;
Kelly, 1971; Snowden et al., 1995; Takeuchi & De Valois, 2000). If
so, then decreasing the velocity of the priming stimulus under
low retinal illuminance may increase the frequency of reports of
positive motion priming compared to that observed in Figs. 1
and 2. On the contrary, if we further increase the velocity of the
priming stimulus, the positive priming effect may disappear under
low retinal illuminance. We tested these predictions in experiment
2.3. Experiment 2
We replicated the ﬁrst experiment except that we either re-
duced the velocity of the priming moving stimulus to 2.0 deg/s
or increased it to 12.0 deg/s. All other conditions were the same
as in experiment 1. The same subjects participated in experiment
2.3.1. Results and discussion
Figs. 3 and 4 present the individual and group averaged results,
respectively, for the four subjects when the priming stimulus
velocity was 2.0 deg/s. In Fig. 4, a two-way ANOVA shows that
the main effects of retinal illuminance and duration of the primerFig. 3. Results of experiment 2 for the four subjects. The velocity of the primer was 2.0 de
the same direction as the primer) as a function of primer stimulus duration in millisecond
1.2 log td).were signiﬁcant (v2(1, 23) = 394.6, p < .001 for the retinal illumi-
nance; v2(11, 23) = 103.4, p < .001 for the duration of the primer).
An interaction between retinal illuminance and duration of the pri-
mer was also found (v2(11, 23) = 79.1, p < .001).
As shown in Figs. 3 and 4, the results obtained when the veloc-
ity of the primer was 2.0 deg/s were very different from those
found when the primer moved with a velocity of 6.0 deg/s
(Fig. 2). Under photopic vision, the percent response to the positive
motion priming was as high as 80% for all presentation durations
except those less than 100 ms. Negative motion priming was not
reported for the majority of the trials. The transition from positive
to negative priming shown in Fig. 2 did not occur in the range of
primer presentation durations used. Thus, the timing of the transi-
tion between the two priming effects was found to highly depend
on the velocity of the priming stimulus. We predicted that the po-
sitive priming would be observed more frequently when the aver-
age luminance is low and the velocity is reduced. However, as
shown in Figs. 3 and 4, the result did not follow our prediction.g/s. Each graph plots percent response of positive priming (motion of test stimulus in
s. Each curve represents the data taken at different retinal illuminance (2.2 log td or
Fig. 6. Averaged data for the four subjects in experiment 2 (Fig. 5). The velocity of
the primer was 12.0 deg/s. Error bars represent ±1 SEM.
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test stimulus was around 50% for most of the presentation dura-
tions under low retinal illuminance, which means that the effect
of the priming stimulus was minimal in this condition. Thus, the
reason for the decrement of positive priming under low retinal illu-
minance seen in Fig. 2 is not that the velocity was too fast. Rather,
the retinal illuminance would be the crucial factor for the induc-
tion of positive priming.
The individual and group averaged results for a velocity of
12.0 deg/s are presented in Figs. 5 and 6, respectively. In Fig. 6, a
two-way ANOVA shows that the main effects of retinal illuminance
and duration of the primer were signiﬁcant (v2(1, 23) = 21.4,
p < .001 for the retinal illuminance; v2(11, 23) = 1648.6, p < .001
for the duration of the primer). An interaction between retinal illu-
minance and duration of the primer was also found
(v2(11, 23) = 59.2, p < .001).
Under both high and low retinal illuminance, the results are
quite similar. Negative priming was induced irrespective of the ret-
inal illuminance, and it became prominent at the presentation
duration of about 150 ms (Fig. 6). There was a tendency to observe
negative priming more often under low retinal illuminance than
under photopic vision when the presentation durations were
shorter. There were no indications of positive motion priming in
this condition. These results further suggest that the hypothetical
low-pass operation, if it exists, is not a factor that induces positive
motion priming. In the next section, we discuss the underlying
mechanism of visual motion priming on the basis of these results.
4. General discussion
4.1. Summary of the results
To characterize the properties of the underlying mechanism of
visual motion priming (Pantle et al., 2000; Pinkus & Pantle,
1997), we estimated the effect of a priming stimulus on a
directionally ambiguous test stimulus under different retinalFig. 5. Results of experiment 2 for the four subjects. The velocity of the primer was 12.0 d
in the same direction as the primer) as a function of the primer stimulus duration in
(2.2 log td or 1.2 log td).illuminances. The velocity of the priming stimulus, a parameter
that previous studies have not examined, was also varied. Fig. 7
shows the combined results from Figs. 2, 4 and 6. The summary
of our ﬁndings is as follows:
1. We replicated the ﬁndings by Pantle et al. (2000) and Kanai and
Verstraten (2005), showing that the positive priming switches
to the negative priming as the primer duration becomes longer
under photopic vision. However, we also found that the presen-
tation duration at which the transition from positive to negative
priming occurs is not a ﬁxed value but highly dependent on the
velocity of the primer (upper graph in Fig. 7).
2. Regarding positive priming: Under photopic vision, positive
priming was dominant when the velocity of the primer was
as low as 2.0 deg/s. When the primer was as fast as 12 deg/s,
positive priming was not observed (upper graph in Fig. 7).
Under low retinal illuminance, presumably at scotopic levels,
positive priming was greatly diminished irrespective of the
velocity of the priming stimulus (lower graph in Fig. 7.eg/s. Each graph plots percent response of positive priming (motion of test stimulus
milliseconds. Each curve represents the data taken at different retinal illuminance
Fig. 7. A combined view of the data in Figs. 2, 4 and 6. The upper graph shows the
data when the retinal illuminance was 2.2 log td, the lower graph shows the data
when the retinal illuminance was 1.2 log td. Differences in the velocity of primer
are represented by different marks and connecting lines.
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irrespective of the retinal illuminance except when the velocity
of the priming stimulus was 2.0 deg/s. In this condition, no neg-
ative priming was observed at the durations of the primer
examined (Fig. 7).
We predicted that the frequency of perceiving positive priming
would increase under low retinal illuminance, where the visual
system becomes temporally low-pass, if the hypothetical second-
stage low-pass ﬁltering operation (Pinkus & Pantle, 1997) is
responsible for the induction of positive priming. However, con-
trary to our prediction, we found that the positive priming almost
disappeared under low retinal illuminance, irrespective of the
velocity of the primer. Thus, we concluded that the overall low-
pass temporal characteristic of the visual system is disadvanta-
geous for the induction of positive priming. Strong positive prim-
ing was observed under very limited conditions, where the
velocity of the primer was low and the retinal illuminance was
high enough to activate the cone system. On the other hand, the
negative priming was dominant except when the velocity of the
primer was very low. This ﬁnding is consistent with the remark
by Pantle et al. (2000) that negative priming is more dominantly
observed than positive priming.4.2. Underlying mechanism of negative motion priming
What kind of visual motion mechanism is responsible for the
induction of motion priming? Our experimental results, in addition
to the previous studies (Kanai & Verstraten, 2005; Pantle et al.,
2000), suggest that positive and negative priming is induced by
separate visual motion mechanisms that function antagonistically.
Weakening of positive priming increased the frequency of percep-
tion of the negative motion rather than inducing the mere disap-
pearance of any priming effect. Under the condition where the
positive motion priming was dominant, the negative priming effectwas not observed (Fig. 4) and vice versa (Fig. 6). The reason the
negative priming was more prominent under low retinal illumi-
nance (lower graph of Fig. 7) could be that there was no inﬂuence
of positive motion priming. In this sense, the function obtained at
low retinal illuminance shown represents a ‘‘pure’’ temporal char-
acteristic of negative priming (or rapid MAE) without the interfer-
ence of the positive priming effect.
Neurophysiological studies have shown that a moving stimulus
with a very short duration, such as several hundreds milliseconds,
is enough to change the adaptation status of directionally selective
neurons located at V1 or MT (Lisberger & Movshon, 1999; Preibe,
Churchland, & Lisberger, 2002; see also Pavan et al., 2009 for the
summary). Pantle et al. (2000), Kanai and Verstraten (2005) and
Pavan et al. (2009) suggest that the rapid adaptation of direction-
ally selective neurons is an underlying neural mechanism of nega-
tive motion priming. This hypothesis seems to be supported by
several psychophysical studies. For example, Piehler and Pantle
(2001) showed that contrast sensitivity is modiﬁed in a direction-
ally selective way by a shortly presented priming motion stimulus.
Our ﬁndings of prominent negative priming for at primer velocity
as high as 12.0 deg/s (Figs. 6 and 7) and its disappearance when
primer velocity is low (Figs. 4 and 7) further supports the hypoth-
esis that the high-velocity-sensitive motion mechanism (e.g., Burr
& Ross, 1982; Burr, Ross, & Morrone, 1986; Lappin, Tadin, Nyquist,
& Corn, 2009), presumably direction-selective, is responsible for
the negative priming.
Duffy and Hubel (2007), who recorded responses from the V1
cells in primates, showed that directional selectivity is invariant
under different retinal illuminance from photopic to scotopic con-
ditions. They argued that the temporal center-surround organiza-
tion of V1 cells does not vary as retinal illuminance decreases.
This is consistent with our observation of motion priming both un-
der high and low retinal illuminance.
Recent psychophysical studies found that an adapting (preced-
ing) stimulus of less than 100 ms could induce the MAE (Tadin &
Glasser, 2008). As described above, if the function shown in
Fig. 6 (1.2 log td) represents the temporal characteristic of nega-
tive priming without the inclusion of the effect of positive priming,
then the data suggests that a primer of l00 ms duration can induce
the negative priming effect, which is shorter than the estimation
by previous studies (Kanai & Verstraten, 2005; Pantle et al.,
2000; Pavan et al., 2009).
4.3. Underlying mechanism of positive motion priming
If negative motion priming is induced by a directionally selec-
tive mechanism implemented at V1 or MT, a parsimonious specu-
lation is that the mechanism responsible for the positive priming
must be different from the one that induces negative priming,
since the two priming effects behave antagonistically. Our ﬁnding
suggests that the mechanism responsible for the perception of po-
sitive priming is not the directionally selective motion mechanism,
which is known to be sensitive to higher velocities/temporal fre-
quencies. If so, a higher-order motion system, such as a feature-
tracking mechanism or a third-order motion mechanism (Bowns,
2002; Dawson, 1991; Del Viva & Morrone, 1998; Derrington, Allen,
& Delicato, 2004; Lu & Sperling, 1995; Seiffert & Cavanagh, 1998;
Ullman, 1979), could be a candidate, as suggested by Pantle et al.
(2000). The dominance of the positive priming at lower velocities
of the primer (Fig. 4) supports this hypothesis, since the higher-or-
der motion system has been shown to be insensitive to higher
velocities (e.g., Lu & Sperling, 1995). Jiang et al. (2002) measured
ERP from human subjects while they observed positive motion
priming and concluded that higher-order motion mechanisms are
responsible for the induction of positive priming. Their results
are consistent with our idea.
1144 T. Takeuchi et al. / Vision Research 51 (2011) 1137–1145Why is positive priming greatly diminished under low retinal
illuminance? One possibility is the velocity overestimation under
low retinal illuminance. Previous studies (Hammett et al., 2007;
Vaziri-Paskham & Cavanagh, 2008) found a maximum of 30% over-
estimation in perceived velocity of a pattern moving faster than
about 10 Hz. Since the negative priming is dominant when the pri-
mer is faster, an overestimation of the velocity under low retinal
illuminance could have induced stronger negative priming than
when the primer was observed under high illuminance, as shown
in Fig. 6. However, since the positive priming in low retinal illumi-
nance was greatly diminished when the primer velocity was as low
as 2.0 deg/s, the velocity range where the overestimation does not
occur, the velocity overestimation could not be a whole story.
Another possibility is an inclusion of higher-order visual mo-
tion mechanisms, as described above. For a feature-tracking
mechanism or a third-order motion mechanism, the spatial local-
ization of the prominent visual features is crucial for tracking the
moving pattern. It has been reported that positional acuity is de-
graded under scotopic vision (Livingstone & Hubel, 1994). As far
as we know, how our ability to localize spatial targets in a mo-
tion detection task varies depending on the retinal illuminance
is not been known. Several previous studies, however, seem to
suggest a decrement of accuracy of spatial localization in a mo-
tion-related task under low luminance levels. Grossman and
Blake (1999) and Billino et al. (2008) examined the sensitivity
of biological motion, for which the integration of information
from a broad spatial region is needed, and found that the sensi-
tivity decreased when the adapting luminance level is low.
Takeuchi et al. (2004) found that the discrimination of the shape
determined by the motion direction becomes worse under scoto-
pic vision.
As speculated from these studies, if the accuracy of spatial
localization is decreased under low retinal illuminance, the track-
ing of prominent features could be difﬁcult under low retinal
illuminance. If the positive priming depends on a feature-tracking
mechanism that precisely tracks the prominent features of the vi-
sual stimuli, then lowering the retinal illuminance will reduce
the strength of positive priming. A recent study by Lappin et al.
(2009) showed that a spatial, not a temporal, detection mecha-
nism is responsible for the detection of moving stimulus as slow
as 0.5 deg/s. Since the primer velocity that induced positive prim-
ing in the present study was close to this velocity (Fig. 4), the
spatial (not the temporal) mechanism may function for
the induction of positive priming. However, as shown in Fig. 2,
the primer moving at 6.0 deg/s also induced positive priming
for short durations of the primer under photopic viewing. Thus,
a motion or temporal mechanism that is tuned to a lower veloc-
ity range is also responsible for the positive priming. Further-
more, if the feature-tracking mechanism were responsible for
the positive priming, the reason it does not function at longer
primer presentation durations could not be explained from the
current results. Further studies are deﬁnitely needed to justify
our speculation that the precision of spatial localization is a
key factor in inducing positive motion priming.
5. Conclusion
We found that under low retinal illuminance, positive motion
priming was greatly diminished while the negative motion prim-
ing became a dominant percept. The positive priming was espe-
cially effective when the primer was slow, while negative
priming was observed when the primer was fast. These results sug-
gest that positive priming is induced by a higher-order motion
mechanism such as feature-tracking while negative priming is in-
duced by a directionally selective low-level motion system.References
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